Chromatin regulators control cellular differentiation by orchestrating dynamic developmental gene expression programs, and hence, malfunctions in the regulation of chromatin state contribute to both developmental disorders and disease state. Mll4 (Kmt2d), a member of the COMPASS (COMplex of Proteins ASsociated with Set1) protein family that implements histone H3 lysine 4 monomethylation (H3K4me1) at enhancers, is essential for embryonic development and functions as a pancancer tumor suppressor. We define the roles of Mll4/COMPASS and its catalytic activity in the maintenance and exit of ground-state pluripotency in murine embryonic stem cells (ESCs). Mll4 is required for ESC to exit the naive pluripotent state; however, its intrinsic catalytic activity is dispensable for this process. The depletion of the H3K4 demethylase Lsd1 (Kdm1a) restores the ability of Mll4 null ESCs to transition from naive to primed pluripotency. Thus, we define an opposing regulatory axis, wherein Lsd1 and associated co-repressors directly repress Mll4-activated gene targets. This finding has broad reaching implications for human developmental syndromes and the treatment of tumors carrying Mll4 mutations.
INTRODUCTION
In eukaryotic cells, nucleosomes at active promoters are trimethylated on histone H3 lysine 4 (H3K4), whereas enhancers are enriched with H3K4 mono-methylated nucleosomes (1, 2) . Although H3K4 methylation recruits transcription activators such as the chromatin remodeler CHD1 (3, 4) , NURF subunit BPTF (5, 6) , and basal transcription factor TFIID (7) , the direct functional link between H3K4 methylation and transcription activation remains unclear. All three states of H3K4 methylation are deposited by SET1/COMPASS (COMplex of Proteins ASsociated with Set1) in yeast (8, 9) , whereas in mammals, there are six COMPASS family members with distinct specificities in implementing methylation marks (1): Mammalian Set1/COMPASS is responsible for global H3K4me3 levels in mammalian cells (10) (11) (12) . Mll1 and Mll2 implement H3K4me2 and H3K4me3 at promoters and enhancers in a locus-specific manner (13) (14) (15) (16) (17) . In contrast, Mll3 and Mll4 catalyze H3K4me1 at enhancers, suggesting a role of this branch of COMPASS family at distal cis-regulatory elements (18, 19) . We have previously demonstrated that Mll4, in lieu of Mll3, is the major H3K4 monomethyltransferase in murine embryonic stem cells (ESCs) (20) . Nevertheless, the functions of H3K4me1 at enhancers remain elusive.
Accumulating evidence demonstrates that Mll4/COMPASS plays a crucial role in development and disease. Mouse embryos null for Mll4 die during embryogenesis (21) , and loss-of-function mutations in human Mll4 cause the developmental disorder Kabuki syndrome (22) . Mll4 mutations are frequently detected in various human cancers including non-Hodgkin's lymphoma, bladder cancer, and breast cancer (23) (24) (25) (26) (27) . Moreover, genetic studies in mice reveal that Mll4 acts as a tumor suppressor in the development of B cell lymphoma (28, 29) , highlighting the instructive role of Mll4 in malignant transformation. Recent reports demonstrate that H3K4me1 implemented by Mll3 and Mll4 in ESCs has a modest impact on transcription and that H3K4me1 catalyzed by the Mll3/Mll4 ortholog Trr is dispensable for Drosophila viability (30, 31) . However, the extent to which the biological functions of Mll4 in mammalian development and during cancer pathogenesis rely on its catalytic function is unknown.
ESCs are pluripotent stem cells that are capable of contributing to all adult tissues through cellular differentiation. Recent advances in cell culture techniques enable the maintenance of ESCs in the ground/naive pluripotent state (32) , which resembles the inner cell mass of embryos at the blastocyst stage. The hallmarks of ground-state pluripotency include homogeneous expression of naive pluripotency factors such as Nanog and Klf4, X chromosome activation in female cells, and genomewide DNA and H3K27 hypomethylation (33) . Naive pluripotent cells can be induced to exit the ground state and transition into primed pluripotency (34) , which has characteristics of post-implantation epiblasts (35) . The transcriptome and epigenome are markedly transformed during the transition of these distinct pluripotency states (36, 37) . However, the mechanisms governing the exit from naive pluripotency are not fully understood. It was recently demonstrated that ESCs null for both Mll3 and Mll4 are defective in embryoid body and teratoma formation (38) , suggesting a role of these methyltransferases in cellular differentiation. Nevertheless, whether Mll4 or its catalytic activity has an impact on the transition from naive to primed pluripotency, a critical step in lineage specification, remains elusive.
Here, we set out to examine the functional link between H3K4me1 and active transcription by disrupting Mll4 and its catalytic function in ESCs. We have found that the total loss of Mll4 protein leads to enhancer decommissioning and failure to exit the naive pluripotent state, whereas Mll4 catalytic inactivation has minimal effect on this process. Furthermore, the effects of Mll4 loss on ESC differentiation can be rescued by the depletion of the H3K4 demethylase Lsd1, suggesting that active demethylation and deacetylation by Lsd1 and its associated corepressor complexes (CoREST, CtBP, and NuRD) play a role in this process. We demonstrate that Lsd1 is responsible for the repression of genes that are dependent on Mll4 for their activation. Together, our results reveal novel mechanisms underlying the regulation of enhancer function through an epigenetic balance in cell fate transitions and define an Mll4/COMPASS-Lsd1 regulatory axis that has implications for human developmental disorders, such as Kabuki syndrome and many cancer types that frequently harbor Mll4 mutations.
RESULTS
Mll4 is dispensable for the maintenance of ESC self-renewal To understand the role of Mll4 in transcriptional regulation and stem cell pluripotency, we generated Mll4 knockout (Mll4KO) ESCs by deleting the second plant homeodomain (PHD) finger clusters of Mll4 using CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR-associated 9)-guided gene editing ( fig. S1A ). Sanger sequencing and RNA sequencing (RNA-seq) demonstrated deletion of the intended genomic DNA region and transcript of the Mll4 (Kmt2d) gene, respectively (fig. S1B and Fig. 1A ). Mll4 protein was undetectable in Mll4KO cells by Western blotting using previously characterized antibodies against the N terminus (NT) or C terminus (CT) of Mll4 ( Fig. 1B  and fig. S1A ) (19) . Unlike wild-type (WT) and the previously generated To examine the impact of Mll4 depletion on the ESC transcriptome, we performed RNA-seq analyses of WT, Mll4KO, and Mll4DSET cells and found that key pluripotency genes, including Pou5f1 and Nanog, are not perturbed by either Mll4 mutation ( Fig. 1D and fig. S1E ), further demonstrating that Mll4 is dispensable for ESC self-renewal. There are 921 genes significantly down-regulated in Mll4KO ESCs, whereas only 215 genes are significantly down-regulated in Mll4DSET ESCs (fig. S1F). Unsupervised hierarchical clustering of RNA-seq signals revealed that the transcriptomes of WT and Mll4DSET cells are grossly similar, whereas gene expression in Mll4KO cells is distinct ( Fig. 1E ). Mll4 target genes are enriched for factors involved in regulating guanosine triphosphatase activity and cell-cell adhesion (fig. S1G). For instance, creatine kinase (Ckb) expression is reduced in Mll4KO cells but is unchanged in Mll4DSET cells ( Fig. 1F ). In contrast, collagenbinding protein gene Serpinh1 expression is strongly diminished in cells lacking Mll4, whereas specific deletion of the SET domain elicits only a moderate reduction in transcript levels. (Fig. 1F ). These data suggest that the role of Mll4 in transcription regulation in ESCs is largely independent of its catalytic activity and that additional transcriptional regulatory functions reside outside of the SET domain.
Mll4 regulates enhancers independent of its methyltransferase activity
To understand how Mll4 regulates gene expression in ESCs, we performed chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) in WT and Mll4KO cells to map the genome-wide occupancy of Mll4. We identified Mll4-specific enriched regions using ChIP-seq signals in Mll4KO cells as a background control ( fig. S2A ). About 91% of Mll4 peaks are located at introns and intergenic regions ( Fig. 2A ). Motif analysis revealed that the DNA binding motifs of key pluripotency factors Klf4, Esrrb, Oct4, and Sox2 are enriched in Mll4 peak regions ( Fig. 2B ), suggesting that Mll4 is enriched at super-enhancers in ESCs. Mll4 binds regions containing large domains of H3K27ac (Fig. 2 , C and F), a hallmark of super-enhancers (39) . Mll4 ChIP-seq in Mll4DSET cells indicated that the occupancy of the mutant Mll4 is comparable to its WT counterpart ( Fig. 2C ), suggesting that the SET domain is largely dispensable for Mll4 recruitment to chromatin.
The Mll3/Mll4 branches of the COMPASS family are responsible for H3K4me1 at enhancers (18, 19, 40) . We previously demonstrated that Mll4 is the major methyltransferase catalyzing H3K4me1 in ESCs comparing WT and Mll4DSET cells (20) . Western blotting analysis demonstrated that H3K4me1 levels are reduced as the result of Mll4 deletion or catalytic inactivation ( Fig. 2D ). We consistently observed lower H3K4me1 levels in Mll4KO cells compared to Mll4DSET cells ( Fig. 2D ), suggesting that mechanisms beyond the loss of Mll4 catalytic activity determine the total H3K4me1 levels. ChIP-seq of H3K4me1 and the active enhancer mark H3K27ac in WT, Mll4KO, and Mll4DSET ESCs indicated that H3K4me1 levels around Mll4 binding sites are globally reduced in Mll4KO and Mll4DSET cells compared with WT, except for the redistribution of H3K4me1 signals at cluster 2 Mll4 peaks ( Fig. 2E  and fig. S2B ). Note that cluster 2 Mll4 peaks in WT cells harbor higher H3K4me3, harbor lower H3K4me1, and are more enriched with transcription start site (TSS) proximal regions compared with cluster 1 Mll4 peaks ( fig. S2 , B to D), reminiscent of promoter regions that gain H3K4me1 in Trr-depleted Drosophila cells (18) . On a genome-wide scale, total Mll4 protein loss leads to lower H3K4me1 levels than Mll4 SET deletion, consistent with our analysis of bulk H3K4me1 levels by Western blotting ( Fig. 2E and fig. S2B ). Furthermore, H3K27ac levels were markedly reduced at Mll4-enriched regions in Mll4KO but not Mll4DSET cells, correlating with the down-regulation of nearby genes ( Fig. 2E and fig. S2B ). In addition, levels of H3K4me2 and H3K4me3 were slightly reduced at Mll4 peaks in Mll4KO cells ( fig. S2D ). We also observed these epigenetic changes at Mll4 target Ckb and Serpinh1 loci ( Fig. 2F and fig. S2E ). These results indicate that the context of Mll4 protein rather than its catalytic activity within the SET domain is indispensable for the activity of Mll4 bound enhancers.
Lsd1 mediates enhancer decommissioning in Mll4KO ESCs
Histone demethylase Lsd1, which targets mono-and dimethylated H3K4 (41) , has been shown to bind enhancers and is required for ESC differentiation (42, 43) . To explore whether Lsd1 colocalizes with Mll4 on chromatin, we performed Lsd1 ChIP-seq in ESCs and found that 78% of Lsd1 peaks are located at introns and intergenic regions (fig .  S3A ). Moreover, Lsd1 occupancy at Mll4 target loci had a similar pattern to Mll4 (Fig. 3A) , and Lsd1 binding signals were elevated at Mll4 peak centers ( Fig. 3B ), suggesting the genome-wide colocalization of Mll4 and Lsd1. Seventy-nine percent of Mll4-enriched regions overlapped with Lsd1 peaks ( Fig. 3C ), suggesting that the two proteins coregulate the activity of a common group of enhancers. These findings and the result that Mll4KO ESCs harbor lower H3K4me1 levels than Mll4DSET cells prompted us to hypothesize that the loss of Mll4 recruitment at Mll4 target enhancers is accompanied with the removal of H3K4 methylation by Lsd1.
To test this hypothesis, we depleted Lsd1 in Mll4KO ESCs using short hairpin RNA (shRNA) (Fig. 3D ). The expression levels of Mll4 target genes Ckb and Serpinh1 were elevated upon Lsd1 depletion ( enriched for genes involved in membrane organization and adhesion ( fig. S3E ). The restoration of transcriptional defects caused by Mll4 loss suggests that Lsd1 is at least partially responsible for the repression of Mll4 target genes in Mll4KO ESCs.
We next performed ChIP-seq in Lsd1-depleted Mll4KO ESCs and found that H3K4me1 and H3K27ac levels at Mll4 target genes were increased by Lsd1 depletion (Fig. 3H ). K-means clustering analysis indicated that Lsd1 depletion restores H3K4me1 and H3K27ac levels at Mll4 and Lsd1 colocalized regions as well as the expression of genes near these enhancers ( Fig. 3I and fig. S3F ). Because most of the Mll4 and Lsd1 co-occupied regions are far from TSS and decorated with H3K27ac and H3K4me1 ( fig. S3F and Fig. 3G ), our data indicate that Lsd1 and potentially its associated co-repressors contribute to the silencing of Mll4 target enhancers and their associated genes in Mll4KO ESCs.
Mll4 is essential for the exit from naive pluripotency During development, the inner cell mass of blastocyst stage embryos exits from naive pluripotency into primed pluripotency and is subsequently induced to commit to specific lineages by various signals (44, 45) . To examine whether Mll4 is required for the exit from naive pluripotency, we switched the culture conditions of ESCs from 2i/LIF to medium containing fetal bovine serum and leukemia inhibitory factor (FBS/LIF). As expected, WT ESCs lost the dome-shaped morphology in FBS/LIF ( Fig. 4A ) and underwent marked transcriptional changes during this transition, including down-regulation of naive state markers and up-regulation of primed state markers ( Fig. 4B and fig. S4A ). WT and Mll4DSET cell clones became flat upon switching to FBS/LIF, whereas Mll4KO cells exhibit a similar morphology to naive pluripotent cells ( Fig. 4A ). Although the key pluripotency gene Pou5f1 remained unchanged by Mll4 deletion in FBS/LIF cultures ( Fig. 4E ), multiple naive markers were up-regulated, and primed markers were down-regulated in Mll4KO cells compared with WT cells (Fig. 4 , C and F), suggesting that Mll4 is required for exiting naive pluripotency in ESCs. Genes highly expressed in 2i/LIF were mostly up-regulated by Mll4 deletion in FBS/LIF cultures, whereas genes highly expressed in FBS/LIF were largely downregulated in Mll4KO cells grown in FBS/LIF (Fig. 4D ). However, the expression levels of most genes remained unchanged in Mll4DSET cells compared with WT cells in FBS/LIF ( fig. S4 , B and C, and Fig. 4F ), indicating that the role of Mll4 in the transition between pluripotency states is independent of its catalytic function.
Homogeneous expression of the pluripotency factor Nanog is one of the major hallmarks of the naive pluripotent state (Fig. 1C) (33) . Upon exiting naive pluripotency, the expression pattern of Nanog becomes heterogeneous (Fig. 4G ). Mll4DSET cells grown in FBS/LIF displayed a similar Nanog expression pattern to WT cells (Fig. 4G ). However, Nanog was ubiquitously expressed in Mll4KO cells after the medium switch ( Fig.  4G) , supporting the notion that Mll4 loss impairs the exit of naive pluripotency in ESCs. Moreover, ChIP-seq analysis demonstrated that levels of H3K4me1 and H3K27ac are decreased at enhancers of FBS/LIF upregulated genes in Mll4KO ESCs cultured with FBS/LIF ( fig. S4 , D and E), suggesting that Mll4 activates enhancers required for primed pluripotency during cell fate transition. Collectively, these results demonstrate that a lack of Mll4 protein locks ESCs into a naive-like pluripotent state.
Lsd1 depletion restores the pluripotency transition defects of Mll4 null ESCs
To determine whether the epigenetic balance of Lsd1 and Mll4 influences the pluripotency transition, we depleted Lsd1 in FBS/LIF-cultured Mll4KO cells and performed RNA-seq. Our results demonstrate that the naive pluripotency markers Nr0b1 and Tet2 are down-regulated, whereas primed pluripotency markers Lefty1 and Myl9 are elevated, upon Lsd1 knockdown in Mll4KO cells ( Fig. 5A and fig. S5A ). Lsd1 depletion largely restored transcriptional misregulation in Mll4KO ESCs cultured in FBS/LIF, indicating that the transcription defects in pluripotency transition caused by Mll4 deletion are dependent on Lsd1 function (Fig. 5, B and C) . The restorative effects of Lsd1 depletion are most apparent at genes that depend on Mll4 for their activation (Fig.  5C ), consistent with Lsd1 acting predominantly as a transcriptional repressor at Mll4-activated targets. Lsd1 depletion in Mll4KO cells cultured in FBS/LIF reverted the ubiquitous expression of Nanog to a heterogeneous pattern as evidenced by immunostaining ( Fig. 5D ), further demonstrating that Lsd1 is responsible for the failure in exiting naive pluripotency caused by Mll4 loss. ChIP-seq analysis revealed that Lsd1 depletion leads to increased levels of H3K4me1 and H3K27ac at primed pluripotency loci ( fig. S5B ), suggesting that Lsd1 silences these genes in Mll4KO cells during the exit of naive pluripotency. Furthermore, enhancers of Mll4-activated genes in FBS/LIF displayed elevated H3K4me1 and H3K27ac upon removal of Lsd1 ( fig. S5C ), corroborating the derepression of these genes by Lsd1 depletion.
The NT of Mll4 is essential for gene regulation and pluripotency transition To further explore the role of Mll4 in regulating gene expression and cell fate transition, we generated Mll4 NT-deleted ESCs (hereafter named Mll4DNT) by deleting 1195 amino acids, which include the first PHD finger cluster, from the NT of Mll4 using CRISPR/Cas9 ( fig. S1A ). This in-frame deletion is predicted to produce a mutant Mll4 protein deficient in chromatin binding because of the role of PHD fingers as histone-binding modules (46, 47) . RNA-seq results demonstrated the desired deletion of exons 4 to 12 of Mll4 transcript in Mll4DNT cells (Fig. 6A) , which was confirmed by Sanger sequencing ( fig. S6A ). Similar to Mll4KO ESCs, Mll4DNT cells grown in 2i/LIF medium exhibit increased intercellular gaps (Fig. 6B ). NT-deleted Mll4 can coimmunoprecipitate with Rbbp5 ( fig. S6B ), a common subunit of all COMPASS, indicating that the deletion of NT does not impair the appropriate assembly of Mll4/COMPASS. In contrast, the SET domaindeleted Mll4 mutant could not bind Rbbp5 ( fig. S6B ), suggesting that the integrity of Mll4/COMPASS is not essential for the regulation of transcription and enhancer activity in ESCs.
RNA-seq analysis comparing the transcriptome of WT and Mll4DNT cells under naive pluripotency conditions demonstrated that pluripotency marker expression is not impaired by this mutation (Fig. 6C) . Nevertheless, we observed transcriptional changes of more than 900 genes in Mll4DNT cells, and most of these DEGs were also perturbed by Mll4 deletion ( fig. S6C ), suggesting that the transcriptomes of Mll4KO and Mll4DNT cells are similar. Unsupervised clustering of RNA-seq signals demonstrated a similarity between the transcriptomes of these cells (Fig.  6D) . Many Mll4 target genes were down-regulated in Mll4DNT ESCs, including Ckb ( fig. S6D ). As expected, we observed a decrease in Mll4 occupancy at the Ckb locus in Mll4DNT cells ( fig. S6E ). Moreover, a genome-wide reduction in chromatin binding was observed for the Mll4DNT mutant protein (Fig. 6E ). We next examined the levels of H3K4me1, H3K4me2, and H3K4me3 in WT, Mll4DNT, and Mll4KO cells by Western blotting. Although the catalytic domain of Mll4 was not affected in Mll4DNT cells, H3K4me1 was reduced compared with WT ESCs (fig. S6F ), highlighting the importance of Mll4 recruitment on H3K4me1 deposition. ChIP-seq analysis showed decreased H3K4me1 and H3K27ac at the Mll4 target Ckb, and genome-wide at Mll4 bound regions ( fig. S6G and Fig. 6F ), supporting the notion that the impaired Mll4 recruitment to chromatin rather than the loss of its catalytic activity is the main cause of enhancer decommissioning in Mll4KO ESCs.
To investigate whether Mll4DNT ESCs display similar failures in exiting naive pluripotency as Mll4KO cells, we switched the culture medium from 2i/LIF to FBS/LIF ( fig. S6H ) and performed RNA-seq of WT and Mll4DNT cells. Our results showed that multiple naive pluripotency markers were up-regulated by Mll4 NT deletion (Fig.  6G ). Similar to Mll4KO cells, the expression level of Lefty1 was reduced, whereas the expression of Nr0b1 was elevated in Mll4DNT cells ( fig. S6I ). Moreover, 95% of genes misregulated in FBS/LIF-cultured Mll4DNT cells overlapped with DEGs in Mll4KO cells (Fig. 6H) . In summary, these data strongly argue that the recruitment of Mll4 to chromatin is critical for enhancer activation, gene expression, and the exit from naive pluripotency.
DISCUSSION
Despite the importance of Mll4 in normal development and during disease pathogenesis, the molecular function of Mll4 underlying these biological processes is unclear. The results presented in this study provide evidence that Mll4 protein is indispensable for enhancer activation and for the exit from naive pluripotency in ESCs, whereas the catalytic function of Mll4 is not required for these processes. Lsd1 participates in enhancer decommissioning and skewing of pluripotency transition in Mll4KO cells. Moreover, we demonstrated that the recruitment of Mll4 protein to chromatin is required for enhancer activation and pluripotency transition (Fig. 7) .
Mll4 is dispensable for ESC self-renewal but regulates more than 1700 genes (Fig. 1) . In contrast, there are only 300 misregulated genes in Mll4DSET cells compared with WT, suggesting that the primary functions of Mll4 in transcriptional regulation are catalytic-independent. This is consistent with our recent finding of the Mll3/Mll4 ortholog Trr in Drosophila, Set1A in mouse ESCs, and Set1B in human triplenegative breast cancer (12, 20, 31, 48) . We recently reported that the catalytically inactive Trr can rescue the embryonic lethality of Trr null alleles, demonstrating for the first time that enhancer H3K4me1 catalyzed by Trr is dispensable in the context of metazoan development (31) . In addition, we demonstrated that the catalytic SET domain of Set1A is dispensable for ESC self-renewal although Set1A protein is required for ESC survival and proliferation (12) . Similarly, Set1B, but not its SET domain, is responsible for maintaining the survival of triple-negative breast cancer cells (48) . Collectively, these data point to novel catalytic-independent functions of the COMPASS family of methyltransferases in normal development and in human diseases. Catalytic-independent functions have also been reported for other chromatin regulatory proteins such as the PRC1 component Ring1b (49) . Mouse embryos expressing catalytically inactive Ring1b develop much further than Ring1b null embryos (50, 51) , demonstrating that the ubiquitin ligase activity of Ring1b is dispensable for early mouse development. However, unlike Ring1b catalytic mutants, which exhibit losses of H2A ubiquitination similar to Ring1b KO ESCs, Mll4DSET ESCs have evidently higher H3K4me1 levels than Mll4KO ESCs (Fig.  2, D and E) . The reason for this difference in H3K4me1 is currently undetermined; however, it is possible that Mll4 lacking its SET domain is still capable of mediating recruitment of other COMPASS family members or unknown methyltransferases to chromatin, whereas Mll4 null alleles completely abrogate this recruitment. Small differences in H3K4me1 levels at enhancers may contribute to the distinct enhancer activities and transcriptomes of Mll4KO and Mll4DSET ESCs. H3K27ac levels at Mll4 target regions are reduced by Mll4 depletion but not by deletion of its catalytic domain, although Mll3 is WT, suggesting that the H3K4me1 remaining in Mll4DSET cells may play an important role in the maintenance of enhancer activities. The reduction of H3K27ac levels at Mll4 bound enhancers in Mll4KO ESCs may be attributed to reduced recruitment of P300, as recent studies indicated that P300 recruitment is impaired by Mll4 depletion and that Mll4 and P300 synergistically activate transcription (38, 52) . Note that in Drosophila, the stability of UTX is dependent on Trr, the sole Drosophila ortholog of Mll3/Mll4 (18) . Therefore, the potential reduction of UTX in Mll4depleted cells may contribute to enhancer deactivation as well through increase of H3K27 trimethylation levels. It is also possible that histone deacetylases (HDACs) facilitate the removal of enhancer H3K27ac and transcription repression upon Mll4 depletion. Future studies of the interplay between Mll4 and other major coactivators and co-repressors will elucidate how epigenetic modifications are regulated at enhancers and how they modulate enhancer activity.
Lsd1 depletion is capable of restoring, at least in part, the decommissioned enhancers and the skewed transcriptome in Mll4-depleted ESCs (Fig. 3) . Lsd1 binds to active enhancers in ESCs (42) and demethylates H3K4me1 (41) . We observed that most of the Mll4 binding regions in ESCs are also bound by Lsd1 (Fig. 3C ), which has been found in multiple repressive complexes such as CoREST, CtBP, and NuRD (53) (54) (55) . It has also been shown that many enhancers in ESCs are enriched with Lsd1 and NuRD (42, 56) . We believe that Lsd1 and associated co-repressor complexes may erase the remaining H3K4me1 at enhancers, abolish enhancer-associated H3K27ac, and facilitate the silencing of associated genes in Mll4-depleted cells. The mechanistic basis of how removal of H3K4me1 leads to enhancer decommissioning is currently unknown. We speculate that because H3K4me1 at promoters can be antagonistic to the recruitment of co-repressors ING1 and Sin3A (57) , the reduction of H3K4me1 at enhancers in Mll4KO cells may enhance the recruitment of the Sin3A-HDAC complex to enhancers. Despite having a lower affinity compared with H3K4me3, the chromatin remodeler CHD1 can also bind H3K4me1 (3, 4) . Moreover, the recently characterized H3K4me1/H3K4me3 binding protein BRWD2 associates with the chromatin remodeler CHD4 (58) . Therefore, it is possible that nucleosome occupancy at Mll4 bound enhancers is altered by Mll4 depletion, which may contribute to enhancer deactivation.
We observed that de novo DNA methyltransferases DNMT3a and DNMT3b are significantly down-regulated in Mll4KO ESCs cultured in FBS/LIF (Fig. 4C ). DNMT3a and DNMT3b have been shown to maintain enhancer activity in epidermal stem cells (59) . We surmise that the levels of DNA methylation at enhancers are critical for their activity during pluripotency transition. It would be interesting to measure DNA methylation levels at enhancers in Mll4 mutant cells in future studies to dissect the relationship between histone modification and DNA methylation at enhancers.
Note that enhancer H3K4me1 is not completely lost in Mll4KO ESCs. One or several of the remaining COMPASS family members may be responsible for the implementation of the residual H3K4me1 at these enhancers. We have previously shown that Mll2 and Set1A bind distal cis-regulatory regions in ESCs and that depletion of Mll3 in Mll4DSET ESCs results in further reduction of H3K4me1 levels (16, 20) . Unidentified histone methyltransferases could also affect the deposition of H3K4me1 at enhancers. Future studies with genome-wide screening using CRISPR or shRNA libraries would facilitate the discovery of novel factors involved in this process.
Mll4 null ESCs are more resistant to the medium switch from 2i/LIF to FBS/LIF compared with WT or Mll4 catalytically inactive cells, suggesting that the loss of Mll4 protein causes failures in exiting naive pluripotency. Activation of signaling pathways, such as FGF2/MAPK and Activin/Nodal pathways, facilitates the transition from naive to primed pluripotency, whereas the activation of WNT and LIF/STAT3 pathways supports the maintenance of naive pluripotency (44) . We surmise that Mll4 acts downstream of signaling pathways that promote the naive to primed transition by activating transcription factors that shape the primed pluripotency transcriptome. Thus, Mll4 loss may disrupt signaling cascades, resulting in a failure to exit naive pluripotency. Mll4 depletion leads to the down-regulation of key primed pluripotency factors such as Otx2, Zic2, Pou3f1, and Fgf5 in FBS/LIF. Otx2 depletion in ESCs leads to deregulation of primed pluripotency markers during the transition from ESCs to epiblast-like cells (36) , and Zic2 has been shown to be required for ESC specification (56) . It is likely that the down-regulation of these critical transcription factors by Mll4 depletion prohibits groundstate ESCs from leaving naive pluripotency.
Although Mll4 catalytic activity is largely dispensable for enhancer activation and pluripotency transition, deletion of 1195 amino acids from Mll4 NT (MLL4DNT), which includes the first PHD finger cluster, severely abrogates the ability of Mll4 to associate with chromatin and phenocopies the Mll4KO phenotype, leading to transcriptome reconfiguration, enhancer decommissioning, and pluripotency transition impairment of ESCs. The second Mll4 PHD finger cluster has been shown to be important for Mll4 to bind histone tails and methylate H3K4 (60), supporting the notion that the recruitment of Mll4 to chromatin is critical for its function at enhancers. Furthermore, Rbbp5 binds to the NT-truncated Mll4 mutant but not SET domain-deleted Mll4 mutant, suggesting that the formation of intact Mll4/COMPASS is not required to maintain global transcription levels and enhancer activities in ESCs. It is possible that the recruitment of Mll4 to its target enhancers is sufficient to protect them from being deactivated by Lsd1 and associated co-repressors. Catalytically inactive Mll4 could achieve the epigenetic balance with Lsd1, supporting the notion that the chromatin recruitment ability of Mll4 is critical for its functions in enhancer regulation and ESC pluripotency.
In summary, our results define the requirements for the Mll4 protein and its catalytic activity in the maintenance and exit from ESC groundstate pluripotency. Moreover, we establish an antagonistic regulatory axis between Mll4/COMPASS and the co-repressor Lsd1. Our finding that Lsd1 depletion restores the aberrant gene expression in Mll4 mutant cells has important implications for human disease and points to Lsd1 inhibitors as a potential therapy for cancers harboring mutations in Mll4.
MATERIALS AND METHODS
ESC culture, shRNA knockdown, and CRISPR/Cas9-guided gene editing V6.5 ESCs were grown in N2B27 medium supplemented with two inhibitors and LIF, as described previously (20) . For induction of the exit of naive pluripotency, 2i/LIF-cultured ESCs were passaged to 0.1% gelatin (STEMCELL Technologies)-coated plates and cultured for more than two passages in FBS/LIF medium containing Dulbecco's modified Eagle's medium (Corning) supplemented with 15% FBS (Gemini), 1× penicillin-streptomycin (Life Technologies), 1× GlutaMAX (Life Technologies), 1× minimum essential medium nonessential amino acids (Life Technologies), 1× b-mercaptoethanol (Life Technologies), and LIF (1.8 × 10 3 U/ml; Gemini). Knockdown was performed as described by Cao et al. (20) . The lentiviral construct containing shRNA against Lsd1 (TRCN0000071373) was purchased from Open BioSystems.
Plasmids containing desired guide RNAs (gRNAs) were generated as previously described (20) . ESCs were transfected and selected with puromycin (2 mg/ml) for 48 hours and grown in 2i/LIF medium without puromycin until the cell clones were ready to be picked. gRNA sequences used in this study are listed as follows: Mll4KO, TGGGGATGGA-CAGCCCGACG (left), GGTATAATCAATCCGTCCTT (right); Mll4DNT AGGAGGTAAACGGTTCACCC (left), CAGAGAGCA-CAACGCCGTGC (right).
Antibodies
The following antibodies were used in this study: anti-H3K4me1 (generated in-house), anti-H3K4me2 (generated in-house), anti-H3K4me3 (generated in-house), anti-H3K27ac (Cell Signaling, 8173), anti-H3 (generated in-house), anti-Mll3 (generated in-house), anti-Mll4 NT (generated in-house), anti-Mll4 CT (generated in-house), anti-Rbbp5 (Bethyl Laboratories, A300-109A), anti-Oct4 (Santa Cruz Biotechnology, 5279), anti-Nanog (eBioscience, 14-5761-80), anti-Lsd1 (Abcam, 17721), and anti-tubulin (Developmental Studies Hybridoma Bank, E7).
Immunostaining
Cells were grown on 1% gelatin-coated glass coverslips, fixed with 4% paraformaldehyde for 20 min, and blocked with 10% FBS solutions before immunofluorescence staining. The following primary antibodies were used: mouse anti-Oct4 (1:50) and rat anti-Nanog (1:100). The following secondary antibodies were used: Alexa Fluor 488-coupled donkey anti-mouse antibodies or Alexa Fluor 568-coupled goat anti-rat antibodies (1:400, Molecular Probes). Nuclei were counterstained with Hoechst (1:1000, Thermo Fisher). Images were collected at 60× on a Nikon Eclipse Ts2R inverted microscope with a Nikon DS-Qi2 camera.
ChIP-seq and RNA-seq
ChIP and ChIP-seq library generation were performed as previously described (20) . TRIzol reagent (Life Technologies) was used to extract RNA. Deoxyribonuclease I treatment and further RNA purification were performed as previously described (20) . ChIP-seq and RNA-seq libraries were sequenced on the NextSeq 500 sequencer (Illumina) for 50 cycles. BCL to FASTQ conversion, reads trimming, and alignment were performed as described by Cao et al. (20) . Raw read counts from ChIP-seq and RNA-seq were normalized to total read counts per million and visualized in the UCSC genome browser as bigWig-formatted coverage tracks. Next-generation sequencing data were deposited at Gene Expression Omnibus under accession number GSE99022.
Next-generation sequencing data analysis ChIP peaks were called using model-based analysis of ChIP-seq (MACS) v1.4.2 with default parameters (61) using corresponding input samples as controls. Mll4 peaks were called using Mll4 ChIP-seq in Mll4KO cells as the control. Metaplots and heat maps were generated using ngsplot (62) . K-means clustering was also performed using ngsplot, and nearest-gene log fold changes in gene expression corresponding to the clustered peaks in the heat maps were determined using in-house scripts and visualized with Java TreeView (61, 63) .
For RNA-seq, gene count tables were used as input for edgeR 3.0.8 (64) . Genes with Benjamini-Hochberg-adjusted P values less than 0.01 and log fold changes >|1| were considered to be differentially expressed. Custom perl and R scripts were used to generate the correlation plots. 
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